Leuconostoc mesenteroides is able to convert available carbohydrates into lactic acid, acetic acid, alcohol, CO 2 , and aromatic compounds such as diacetyl, acetoin, and C4 compounds during fermentation [8] . It is currently used in the industry to ferment foods such as kimchi, sauerkraut, and pickles [18] . Recently, kimchi producers in South Korea began to use a starter strain of L. mesenteroides in the kimchi manufacturing process [3] . In addition, it was known to exhibit a range of physiological and therapeutic effects, including immune stimulation, pathogen exclusion via production of bioactive peptides or as a component of health-related products, etc. [11, 12] . Despite the industrial importance of this species, limited information is known regarding the nutrients required for its growth.
A chemically defined medium (CDM) is essential for designing reproducible biochemical, physiological, and genetic studies of microorganisms [1] . Complex medium such as MRS (De Man, Rogosa, Sharpe) [2] cannot be used for assessing the nutritional requirements of the strains, as it contains complex organic compounds. A CDM avoids wastage of excess nutrients that are otherwise added empirically, meets the experimentally determined nutritional requirements of target organisms, and maintains a fast growth rate [5, 15] .
L. mesenteroides ATCC8293 has been used as a model strain for the physiological and genetic study of this genus because its complete genome sequence has been available since 2006 [14] . However, although a synthetic medium for L. mesenteroides (LMCDM) has been previously reported [5] , we found that the growth rate of L. mesenteroides ATCC8293 in this medium was very slow. Moreover, the nutrient requirement data predicted by a biosynthetic pathway constructed using the genomic information of ATCC8293 do not match the data in a previous report of Foucaud et al. [5] , possibly due to the strain differences.
In this study, we determined the minimal nutritional requirements of L. mesenteroides ATCC8293 by using the single omission technique, in which single nutrients are systematically removed from the medium, to formulate a new CDM that sustains faster growth rates. (Table 1) was prepared from the concentrated individual stock solutions, which were stored at -4 o C after filtration or autoclaving, except for the cysteine solution that was freshly prepared. The CDM was adjusted to pH 6.8, and all solutions were sterilized by filtration through a 0.22-µm-pore-size membrane (Millex-GV filter; Millipore Corp. USA).
MATERIALS AND METHODS

Bacterial Strains
Single Omission Cultivation
Carbohydrate utilization of L. mesenteroides ATCC8293 was tested in the culture experiments by using an API CH50 kit (bioMérieux S.A., Marcy l'Étoile, Lyon, France), and the cell growth rates with 10 different carbon sources were measured by the flask culture method (Fig. 1) . Deletion of individual vitamins or amino acids in the CDM was performed to confirm the minimal essential nutrients required for the growth of L. mesenteroides ATCC8293. Subsequently, each nutrient that did not allow growth when omitted was individually added to the medium to confirm that it was essential for growth.
Growth Conditions
The strain was precultured at 30 o C in MRS broth toward the end of the exponential phase of growth (10 h). Cells were washed twice in sterile saline after centrifugation (12,000 ×g, 5 min, 4 o C) and working cultures were propagated in 50 ml of CDM to eliminate carryover nutrients. In all growth experiments, a complete CDM and a singleomitted CDM were inoculated as positive and negative controls, respectively. Growth was measured by optical density at 600 nm (OD 600 ) by using a UV-1650PC spectrophotometer (Shimadzu Co., Billerica, USA). The following terms are used to describe the relationship between medium components and growth as determined by the single omission technique. A constituent was considered as essential (E) if its omission caused less than half the maximum growth rate of the positive control; stimulatory (S) when the growth rate was between 50% and 90% of that observed in complete CDM; and non-essential (NE) when the growth rate was 90% (or more) of that obtained in the complete CDM [7] . In comparison with Hébert et al. [7] , we slightly modified the range of growth rate in order to get maximum growth of Leuconostoc. Maximal population was counted by plating after appropriate dilution of the culture medium on MRS medium containing 1.8% agar. The medium was incubated under aerobic conditions at 30 o C for 24 h, for colony development. Each culture experiment was repeated three times.
RESULTS
Initial determination of each nutrient such as basic salts, metal ion, purine, and pyrimidine was performed using data from previous studies [7, 9, 13, 17] . The results indicated that deletion of carbohydrates, amino acids, vitamins, or minerals completely abrogated growth; thus, they were evaluated separately. L. mesenteroides is known to metabolize a variety of carbohydrates such as glucose, fructose, galactose, lactose, sucrose, raffinose, xylose, arabinose, and maltose [8] . To compare the effect of carbohydrates on the growth of L. mesenteroides ATCC8293, cultivation experiments were performed after the addition of each carbohydrate to the medium. Fig. 1 shows that the maximal value of optical density (OD 600 ) was obtained in the fructose-containing medium. The strain also utilized glucose, maltose, and raffinose for rapid cell growth, but was not able to efficiently metabolize lactose, mannose, galactose, arabinose, and xylose. To investigate the essential amino acids of L. mesenteroides ATCC8293, the individual amino acids were removed from the complete medium, and their effect on the growth of the strain was studied (Table 2 ). When glutamine, isoleucine, methionine, or valine was omitted from the medium, no growth was observed, suggesting that these amino acids are absolutely essential. Moreover, eliminating arginine, cysteine, histidine, leucine, phenylalanine, proline, threonine, and tryptophan from the complete medium resulted in the loss of 10%-30% of the maximal value of OD 600 , revealing that they are necessary for exponential growth of L. mesenteroides ATCC8293.
To examine the effect of vitamins on the growth of L. mesenteroides ATCC8293, deletion of individual vitamins from the complete medium was performed (Table 3) . Pantothenic acid and nicotinic acid were already reported to be required [5] , but only nicotinic acid was found to be essential. Ca-pantothenate, folic acid, inosine, and thiamine are growth stimulatory in nature; however, some vitamins such as 2-deoxythymidine, biotin, sodium p-aminobenzoate, and vitamin B 12 repressed the growth of L. mesenteroides ATCC8293. Elimination of pyridoxal chloride or riboflavin did not affect the growth rate or maximal cell density (Table 3) .
When ascorbic acid was added to the CDM to investigate its effect on the growth of L. mesenteroides ATCC8293, the specific growth rate (µ) and the maximal cell density (OD 600 ) increased significantly (p < 0.05) from 0.14 ± 0.01 (h ) and from 1.23 to 1.37, respectively, revealing the stimulatory effect of ascorbate on the growth of L. mesenteroides ATCC8293. Letort and Juillard [13] also reported the stimulatory effect of ascorbic acid on the growth of Streptococcus thermophilus. Furthermore, the addition of Tween 80 (containing primarily oleic acid) and nucleotides like adenine and uracil to the CDM sustained good growth of L. mesenteroides ATCC8293 (data not shown). When the metal ion requirement of L. mesenteroides ATCC8293 was investigated, the addition of Mn 2+ and Mg 2+ stimulated the growth of the strain ( , and Cu 2+ (data not shown). This result is in agreement with a previous study [5] .
Finally, we compared the growth parameters of L. mesenteroides ATCC8293 in a previously described medium, LMCDM [5] , and in a new CDM (Fig. 2) . Both the maximal 
DISCUSSION
To investigate the absolute nutritional requirements for the growth of L. mesenteroides ATCC8293, the single omission technique was applied to each component of the new CDM. L. mesenteroides ATCC8293 metabolized various carbohydrates such as fructose, glucose, galactose, lactose, sucrose, raffinose, xylose, arabinose, or maltose. A previous study used lactose as a single carbon source in a CDM for L. mesenteroides [5] . However, our results (Fig. 1) show that lactose was metabolized very slowly, resulting in a low yield of biomass; instead, it reveals that fructose was the carbon source that yielded faster growth rate and higher biomass. We infer that this can be attributed to the fact that fructose can be used for ATP synthesis via the pentose phosphate pathway and for NAD + regeneration via reduction to mannitol [21] . The oxidation of NADH to NAD + is achieved by an NADH-dependent mannitol dehydrogenase and a cellular redox balance is maintained by this reaction.
A previous study identified the amino acids leucine, isoleucine, valine, and glutamine as essential elements for the growth of L. mesenteroides [8] . In case of L. mesenteroides ATCC8293, glutamine, isoleucine, methionine, and valine were determined to be essential amino acids, whereas leucine stimulated growth, but it was not an absolute requirement. Moreover, although genomic sequencing information [14] suggested that the biosynthetic pathway for the branched chain amino acids is intact in L. mesenteroides ATCC8293, our study reveals a requirement for valine, indicating that at least one of the genes in the biosynthetic pathway may be nonfunctional. In a similar manner, the methionine biosynthetic pathway is theoretically complete based on genomic information, but we observed low growth when methionine was omitted from the CDM. When the individual components such as arginine, proline, cysteine, histidine, or threonine were removed from the medium, the final cell density also decreased. Although the biosynthetic pathways for these amino acids are intact, L. mesenteroides ATCC8293 requires all of them for good ). c Maximum specific growth rate of positive control (µ max ). 
